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Abstract

We present a feasibility study of using sapphire beamsplitters and test masses in laser interferometer gravitational wave
detectors. The internal thermal noise, optical losses and birefringence effects are analysed. Suspension losses are
investigated. Experimental data on birefringence is presented. The conclusions are generally positive.

1. Introduction

Laser interferometer gravitational wave detectors
without resonant cavities in their arms but with very
large power recycling gain and signal recycling gain
[1-3] can be considerably simpler than the imple-
mentation of recycling in a Fabry—Perot Michelson
interferometer as currently planned by the LIGO [4]
and VIRGO [5] projects. High dual recycling gain
can compensate for the absence of Fabry—Perot cavi-
ties in the arms as proposed by GEO project [6]. In
this scheme the full resonant enhanced light power
{carrier) must be transmitted through the beamsplit-
ter. Therefore the beamsplitter becomes a critical
component of the system, with full sensitivity to
seismic and thermal noise. The optical scattering,
optical absorption and thermal lensing [7] become
the critical limitations on performance.

It is well known that the thermal and mechanical
properties of sapphire make it an interesting material
for use in test masses. The high thermal conductivity
means that thermal lensing can be minimised, while

the combination of its very high Young’s modulus
and low acoustic loss ensure that the internal reso-
nant modes have high frequency and low thermal
noise. Single crystal cylinders of 200-300 mm diam-
eter and similar length are commercially available.

Until recently it was not known whether good
optical super polishing could be achieved on sap-
phire. Now excellent results from polishing [8] and
the absence of coating problems [9] seem to indicate
that the material is useable from this perspective.
Recent measurements [8] have also shown that the
optical absorption coefficient can be as low as 3.5
ppm/cm in sapphire samples at 1 um wavelength.
This is superior to most samples of fused silica.
However, several uncertainties remain before sap-
phire can be used with confidence in a laser interfer-
ometer.

In this paper we consider further aspects of inter-
ferometer design using a sapphire beamsplitter and
end mirrors. We compare the thermal noise of a
practical sapphire test mass with a similar silica test
mass. We analyse methods of suspension of sapphire

0375-9601 /96 /$12.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.

PII S0375-9601(96)00434-3



198 L. Ju et al. / Physics Letters A 218 (1996) 197206

test masses to prevent degradation of the internal
mode Q-factors, while obtaining very low pendulum
losses. We analyse the orientation requirements on
sapphire optical components {imposed by the intrin-
sic birefringence of sapphire). Inhomogeneous and
stress induced birefringence are also addressed.

Our conclusions are generally positive. We show
that the internal thermal noise in a typical test mass
is ~ 16 times lower than that of a similar silica
mass. We show that a membrane suspension system
can allow very high internal mode Q-factor to be
achieved. Methods of bonding a membrane hinge to
sapphire which should achieve this performance are
discussed. However, there is a trade off between
internal mode Q, longitudinal suspension mode fre-
quency and rocking frequency. To achieve a worst
case internal mode Q equal to the highest observed
Q-factor in sapphire at room temperature (Q > 10®
[10]), a membrane with a Q-factor of 103 is required.

Our analysis also shows that the orientation re-
quirements on the sapphire crystal are within reason-
able operational tolerances while our measurements
show that as long as stress birefringence is avoided,
adequate birefringence homogeneity can be achieved.
Assuming an interferometer operating at 1 pm
wavelength, Rayleigh scattering losses of almost 20
ppm/cm are difficult to avoid. A total absorption
loss of ~ 60 ppm can be anticipated in a sapphire
beamsplitter, depending on the material thickness.
The high Rayleigh scattering sets limits on the maxi-
mum recycling gain.

2. Thermal noise of a sapphire test mass
2.1. Internal modes

According to the fluctuation—dissipation theorem
f11], the thermal noise due to the internal resonant of
the test mass can be expressed by [12]

_ 4kgT D( wi)wiz 7
@ ; Mi[(wiz—wz)2+(l>i2(w)w4j '
(1

where w; and M, are the angular frequency and the
equivalent mass of the ith mode respectively. Here
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Table 1

The first nine internal modes and the equivalent masses of
a cylindrical sapphire test mass; d=200 mm, A =200 mm
(~ 25 kg), beam size 2 cm

frequency (Hz) M; (kg) M;w}

22652 9.13 1.85x 10"
29284 17.8 6.04x 10"
36997 91.9 4.96x 10"
46468 2.45 2.09% 10"
54115 2.75 3.18x 10"
27480 20.7 6.17x 10"
34385 424 1.98 X 16"
45411 8.33 6.78 x 10"
52506 16.9 1.84% 10"

the structural damping mechanism is assumed, with
loss factor @(w,)=1/Q;, constant over a large
frequency range [13,14]. For frequencies w < w,,
the thermal noise can be expressed as

4k, T 1 4kpT P(w)

w <D(w)z M. w? w Meqwezq'
(2)

i i

The internal resonant modes of a sapphire test mass
can be calculated by numerical methods [15-17]
based on the theory of elasticity in continuous media
[18]. We have assumed a free mass model and used
the program ‘“‘CYPRES”’ [15] to calculate various
test mass configurations. ‘‘CYPRES”’ allows the
effective mass and frequency of the test mass normal
modes to be calculated. For a cylindrical sapphire
test mass with diameter of d = 200 mm, thickness of
H = 200 mm (~ 25 kg) and a beam size of 2 cm, the
first nine internal resonances below 60 kHz and the
equivalent masses are listed in Table 1. The high
internal resonant frequencies in the sapphire test
mass are very important in reducing their thermal
noise contribution.

We tested for convergence of the thermal noise
calculation by integrating over the first 200 normal
modes, and compared the results with that of a silica
test mass of the same dimensions. The values of
M, 2, for sapphire and silica test masses of the
same dimensions are 16.3 X 10° and 2.9 X 10° re-
spectively. It can be seen that the value M, wezq ofa
sapphire test mass is 6.54 times greater than that of a
silica test mass.

The highest internal mode Q-factor reported in
silica is 7 X 10° [19]. This compares with 3 X 10%
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Fig. 1. Predicted thermal noise of a sapphire test mass. The
intrinsic Q-factor of the test mass is chosen as 108, The pendulum
Q factor is chosen as 10° with a niobium membrane flexure
Q-factor of 10°.

reported for sapphire by Braginsky et al. [10]. The
reduced losses, combined with the increased values
of M}, of sapphire means that the thermal noise
amplitude of this sapphire test mass will be a factor
of more than 16 times better than that of a silica test

mass with the same dimensions,

2
Qsapp( M, ¢, )sapp

2
Qsilica( Meq Weq )silica

In this analysis we have assumed that the incident
laser light is concentric with the test mass. In reality
it is advantageous to illuminate the test mass at the
centre of percussion to reduce pendulum thermal
noise contributions as discussed below. The offset of
the beam and the relative beam size will alter the
integrated thermal noise by a small factor. To achieve
the optimum sensitivity of a laser interferometer it is
essential that the test mass combines the high inter-
nal mode Q-factor discussed above, with extremely
high pendulum Q-factors. Fig. 1 shows a typical
target noise level. In the next section we discuss
means of achieving this.

> 16.

2.2. Flexure suspension of test masses

Braginsky measured the high Q-factor [10] in
sapphire by suspending it from fine wires of tungsten
or silk. However, our extensive experience with

resonant mass gravitational wave detectors has led us
to be pessimistic about this approach, mainly due to
the poor definition of the boundary conditions be-
tween the suspension fibre and the test mass, which
can lead to acoustic upconversion and excess losses.
For this reason we have proposed alternative suspen-
sion techniques which are capable of achieving the
required low losses without the use of wires. In the
following discussion, we present an analysis of such
an alternative suspension system.

Fig. 2 shows a diagram of this suspension con-
cept. With a cylindrical test mass of diameter of
d =200 mm, thickness of H = 200 mm, this com-
pound pendulum will have a resonant frequency of
1.3 Hz. The centre of percussion of this pendulum, at
which the transfer function will be the same as a
simple pendulum, will be at 43 mm below the centre
of mass.

The advantage of using a short thin membrane
flexure is that it has very high violin string modes,
low flexural spring constant and very low thermoe-
lastic loss. It has been shown previously that a
membrane flexure allows enhanced pendulum Q-fac-
tors [20,21] compared with wire suspension. The
pendulum Q-factor with a thin membrane flexure is
given by

Eat’ ()

where M is the mass of the pendulum, L, a, ¢ and E
are the length, width, thickness and Young’s modu-
lus of the membrane, respectively.
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Fig. 2. A practical design for a sapphire beamsplitter. (a) Side
view; (b) front view. The suspension element is a thin niobium
membrane flexure, typically 25 um thick, 2 mm long and
4 cm wide.
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The data in Fig. 1 for the pendulum mode thermal
noise correspond to a niobium flexure for which the
intrinsic Q-factor of the material is 10> (~ 40 times
less than the bulk niobium Q-factor at room temper-
ature). The ‘‘ violin string’’ modes of the short mem-
brane are very high (~ 100 kHz), leaving a *‘clean
window’’ for gravitational wave detection. At 10 Hz
the noise is mainly pendulum mlczde thel_nEI noise
which reaches a level of 7 X 107" m/vHz, while
at 200 Hz the internal resonant modes thermal noise
dominate at a level of ~4X 1072 m /./_—f We

(810 141 1EET- i) ¥4

believe that a flexure suspension can be constructed
as described below.

2.3. Bonding of the flexure to the test mass

In principle due to the very high achievable

vl _Fartar 711 4 niahinm mamhrana e
ycuuululu Z raviuuld lLl], a 111vuiulll lllblllulﬂ.ll\« OUD

pended sapphire test mass can give optimum noise
performance at low frequencies. However, to realise
such a system, it is necessary to find a practical
solution to the fabrication and assembly of such a
suspension system, and to confirm whether the inter-
nal mode Q-factor of the test mass can be main-
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ciently low. The internal modes can lose energy
through the membrane. Large lossy components will
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degrade the internal mode Q-factor, and in addition
the imperfect ciamping of mechanical components
will cause excess acoustic losses. In particular the
lmnerFPr‘t hrmrhno of the flexure to the test mass will

cause additional ]oss in the pendulum.

We propose the use of well established ceramic to
metal sealing techniques to overcome this problem.
Numerous methods have been developed for differ-
ent applications [22]. Among these techniques, active
metal seals, diffusion seals and solder seals are of
interest for our application. The refractory properties
of niobium and sapphire, their satisfactory thermal
expansion match from liquid helium temperature [23]
to 2000°C [24], and the low acoustic losses of both
materials makes niobium appear ideally suited for
bonding to sapphire for the purpose of creating a low
loss flexure pivot suspension.

Sapphire to niobium seals using active metal braz-
ing with titanium and vanadium allows high strength
bonding at ~ 1800°C [24]. Active metal brazing
alloys such as Incusil-ABA® (Indium-copper-silver)
and Cusil-ABA™ (Copper-silver) can create a high
integrity bond at 700-830°C [25). Preliminary test
using Incusil brazmg has resulted a Jomt between
sa pphnr and niobium with aucugun > 150 MPa.

We have preliminarily investigated direct diffu-
sion bonding between sapphire and niobium at
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Fig. 3. Model one: test mass suspended directly under control mass. A four stage spring mass model is used. Spring !: spring of the whole
isolator; spring 2: internal spring of the control mass; spring 3: test mass membrane flexure stretching spring; spring 4: equivalent test mass

internal spring.



L. Ju et al. / Physics Letters A 218 (1996) 197-206 201

| to upper stage

control mass
cantilever
g

St o s s

est mass

control
mass

- cc;htrol mass
infernal spring

W cantilever spring

membrane stretching

mass
my, f4, Q4

,
;
,
?
.
:
'
test ? " test mass
;
’
’
'
L
'

Fig. 4. Model 2: test mass suspended under a low loss, low mass cantilever which in turn is connected to the control mass. A five stage
spring and mass model is used. Spring C: cantilever spring; the other elements are the same as in model 1 (Fig. 3).

1400°C. Preliminary experiments have achieved yield
strength ~ 15 MPa for joints created at a contact
pressure of about 5 MPa. Higher strength joints can
be expected using higher temperatures and surface
pressure. It remains to determine whether any of the
above joints have sufficiently low acoustic losses.

Using one of the above methods, it is possible
that very low mass niobium flexure components can
be attached to the edge of a sapphire test mass, to
create a high integrity mechanical suspension struc-
ture. We go on to show that such a structure will
aliow a high internal mode Q-factor to be main-
tained, and that the total test mass thermal noise can
be exceptionally low.

3. The effect of low Q-factor upper stages on
sapphire test mass internal Q-factor

In practice a test mass will be suspended from a
vibration isolation stack as shown in Fig. 1. Usually
the intrinsic Q-factor of the isolator elements will be
low. We assume here the use of metal cantilever
spring vibration isolators [26] with normal mode
Q-factors ~ 10°. Suppose the last isolation stage
(control mass) has a mass of 40 kg and internal
resonant frequency of the order 10® Hz. From Sec-

tion 1.1, the lowest internal resonant frequency of a
25 kg sapphire test mass can exceed 20 kHz. It is
possible, however, that the internal mode Q-factor of
the test mass will be degraded through coupling to
the internal mode of the control mass. Such Q-factor
degradation is likely to degrade the test mass thermal
noise. To assess this problem, the system was mod-
elled in one dimension, using lumped mass and
spring elements [27]. Two models were considered.
One consists of a directly coupled system, using a
moderately low loss membrane hinge. The second
consists of one in which a small cantilever stage is
inserted between the control mass and test mass to
provide some degree of vertical isolation. Figs. 3 and
4 show the two mechanical systems and their models
(see the figure captions for full details).

To examine the effect of @ degradation of the test
mass, we assume that the test mass has an extremely
high intrinsic Q-factor (@ = 10'°). Other parameters
of the model are f, =2 Hz, f,=10° Hz, f, =300
Hz ', f,=10* Hz (f. = 100 Hz); m, = m, = 25 kg,

! The stretching mode frequency of the foil flexure f, is
chosen for a membrane flexure length of 2 mm, width of 4 cm and
thickness of 25 pm. The membrane is thus stretched to 25% of its
yield strength.
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Fig. 5. Test mass internal resonant Q-factor as a function of the
mass of the cantilever stage. The dotted line is that of a system
without cantilever stage. It can be seen that the Q-factor of
*“flexure + cantilever”” model exceeds that of ‘‘flexure alone’”
model only when the cantilever stage mass is impractically small.

my=m, =125 kg (m.=0.1 kg); Q,=10%, Q,=
103, @, =10%, @, = 10" (Q, = 10°).

Using the above parameters, the test mass internal
mode Q for four stages (without the small can-
tilever) is 4.25 X 10%. With the small cantilever
added, the test mass internal mode Q is (almost)
independent of Q, and f, (the Q-factor and internal
frequency of the control mass). It is also independent
of Q. and f, (the cantilever stage Q-factor and
frequency). The test mass internal mode Q is depen-
dent on the mass of the cantilever stage (m_), the
frequency of the membrane stage( f,), and, of course,
on the Q-factor of membrane flexure Q. The results
are shown in Figs. 5 and 6.

In the model with a small cantilever intermediate
stage, the anticipated Q enhancement of the interme-
diate stage can only be achieved for unrealistically
low mass cantilevers. The test mass internal Q-factor
is degraded strongly when the cantilever mass and
membrane stretching frequency create a resonant
coupling of energy from the test mass to the control
mass. This implies that to achieve a high coupled
mode Q-factor, there is no advantage in adding a
low mass stage in between the test mass and the
control mass.

Since it is the overall thermal noise of the system
which is of importance to the sensitivity of the laser
interferometer detectors, we modelled the vertical
and horizontal thermal noise for the above two cou-
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Fig. 6. Test mass internal resonant Q-factor as a function of the
membrane flexure (with f; = 300 Hz).

pled systems (Figs. 3 and 4). The horizontal models
have the following parameters: f, =1 Hz, f, = 10°
Hz, f, =1 Hz (see footnote 1), f,=10* Hz (f, =
100 Hz), my=m,=25 kg, my=m,=125 kg
(m,=0.1 kg); Q, =10° Q,=10° Q,=10°
(pendulum Q-factor), Q, = 10® (internal Q-factor)
(0. =10°).

The vertical to horizontal coupling is obtained by
determining the differential thermal noise across the
test mass internal spring (see Figs. 3 and 4), cor-
rected by the Poisson ratio of the test mass (0.29).
The results are shown in Figs. 7 and 8.

75 101
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E* 10 N
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o . v Ty
2 2l N
g 10 4 stages s
<= K 5 stages with
g 103 a small cantilever \
=

1 10 100 1000 10 10°
frequency Hz
Fig. 7. Vertical thermal noise of the system shown in Figs. 3 and

4, The amplitudes of the resonances are not accurate because of
the plot points problem.
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Fig. 8. Horizontal thermal noises of the systems shown in Figs. 3
and 4. The vertical to horizontal coupling is obtained by determin-
ing the differential thermal noise across the test mass internal
spring (see Figs. 3 and 4), corrected by the Poisson ratio of the
test mass (0.29).

It is interesting to note that the vertical thermal
noise of ‘‘flexure only’” model is degraded by the
presence of the membrane stretching mode in the
middle of the spectrum. However, this will not de-
grade horizontal thermal noise through vertical to
horizontal coupling. The horizontal thermal noise of
the model with a small cantilever added is slightly
degraded by the presence of the cantilever at low
frequency. We conclude that the simple membrane
suspension is the better choice because of the sim-
plicity and satisfactory thermal noise performance.
From the viewpoint of internal thermal noise, it is

1018
10—19
10%°

10-2]

10—21

0%

thermal noise amplitude m/YHz

10° 10! 10 10° 10* 10°
frequency Hz

Fig. 9. Comparison of the thermal noise of membrane suspended
sapphire test mass with different membrane flexure Q-factors.

possible to use a lower Q-factor membrane, but this
is at the expense of low frequency pendulum noise
as shown in Fig. 9.

The high internal mode Q-factor in the ‘‘flexure
only’’ model indicates that an internal resonant mode
Q-factor of 10® of the sapphire test mass could be
observed in the isolation and suspension system,
assuming that the intrinsic Q-factor of the sapphire
material is as reported in the literature [10].

4. Optical losses in sapphire

Having considered the mechanical properties of
the suspension of sapphire test masses, we now
discuss the optical characteristics of sapphire mirrors
and beamsplitter.

4.1. Absorption

In a recycling interferometer, the full resonant
power must pass through the beamsplitter. It is cru-
cial that the optical absorption of the beamsplitter is
small to keep power losses small and minimise
thermal lensing by the beamsplitter. Recent tests on
sapphire have shown an absorption coefficient of «
~ 3.5 ppm/cm at 1 um [9]. This is superior to most
published absorption coefficients of fused silica sam-
ples [28]. However, a recent result in ultra pure silica
gives an absorption @« ~ 1 ppm/cm [29]. With a
thickness of 20 cm, the absorption of a sapphire
beamsplitter will be ~ 60 ppm. With such a small
thermal absorption and high thermal conductivity of
sapphire, the thermal lensing of the sapphire beam-
splitter will be small.

4.2. Rayleigh scattering

Apart from the thermal absorption, there is an
additional optical loss by scattering due to density
fluctuations. The reduction in intensity is given by

I=1,exp[—(a+7y)x], (4)

where vy is the scattering coefficient.

A detailed calculation using a computer program
“OPTIMATR’ [30] gives a Rayleigh scattering limit
for sapphire (o-ray at room temperature) of y= 18
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ppm/cm at 1 wm. This is much higher than the
Rayleigh scattering limit in silica of 1.88 ppm/cm
[28]. It can be seen that the Rayleigh scattering loss
is much greater than the absorption loss and thus sets
the limit to the achievable power recycling. How-
ever, the Rayleigh scattering does not contribute to
thermal lensing.

4.3. Effects of sapphire birefringence for beamsplit-
ters

The intrinsic birefringence property of sapphire is
one disadvantage. For a perfect alignment the polari-
sation axis of the light will be aligned with one of
the sapphire crystal’s axes of symmetry. A relative
misalignment of the polarisation and crystal axes
will cause the light to become elliptically polarised
as it travels through the sapphire. Misalignment may
be caused by fluctuations of the beam or motion of
the beamsplitter. From our experience of isolation
systems for interferometers, this motion is likely to
be the residual normal mode motion of rocking and
rotation after electronic damping. In our system these
motions have angular magnitudes of a few microra-
dians.

Sapphire is a uni-axial crystal with a c-axis of
rotational symmetry. A number of combinations of
polarisation, beam direction and c¢-axis alignment are
possible. We have chosen the polarisation (e) to be
parallel to the c-axis (¢) and the propagation to be in
the a-axis plane. Suppose the polarisation of the
light (e) has a small angle ¢ with the c-axis as
shown in Fig. 10, the ellipticity introduced to the
beam that double-passes the beamsplitter will lead to

Fig. 10. Illustration of light polarisation direction in relation to
sapphire axis. Here ¢ direction is the c-axis of the crystal, e is
the light polarisation direction and & is the light propagation
direction.

imperfect interference. The non-interfered light es-
capes from the interferometer out of each output
port. In a power-recycled interferometer the power
loss is detrimental to the performance of the system
as it limits the power enhancement by resonant
reflection of the bright output. For this reason we
investigate the losses caused by birefringence in a
sapphire beamsplitter.
The fraction of lost power is

P,./P =sin%p sin®> 24, (5)

where ¢ is the angle between ¢ and ¢, and 2¢ is the
difference in the phase shift of the light along the
orthogonal crystal axes. For sapphire and laser light
of A = 1064 nm, the phase shift will be

¢ =2m/270 pm. (6)

Since this is such a quickly varying function it will
be set to its maximum value, 1. Then

P./P =sin® 24 = 442 (7)

For angles less than 100 urad, which is easy to
realise in our suspension systems, this loss will be
significantly less than other loss sources such as
mirror losses and curvature mismatch. We conclude
that the birefringence of sapphire is not a detrimental
factor in using it as a beamsplitter substrate.

On the other hand, the inhomogeneity of sapphire
and stress in it can cause birefringence. We have
preliminarily investigated the birefringence of a small
10 X 10 X 25 mm® sapphire sample, using a similar
method to that of Logan et al. [31], which consisted
of a half-wave plate, polarisers and a phase compen-
sator. The observed phase shift between the ordinary
ray and extraordinary ray due to birefringence is
shown in Fig. 11a. The star shaped pattern observed
is a characteristic of stress birefringence due to
surface strain. Because of the small sample size this
penetrated to the centre of the sample. The phase
shift in the centre is within 0.5° (0.2° /cm) as shown
in Fig. 11b.

In large sapphire samples, such as 20 cm diameter
and 10 cm thick, the stress at the centre is expected
to be much smaller. From our data we have at-
tempted to estimate the birefringence inhomogeneity
contribution which will add noise to the stress bire-
fringence pattern observed. We estimate an upper
limit for this contribution. ~ (0.02°-0.04°)/cm,
which is of the order of our measurement uncer-
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Fig. 11. Phase shift map of the ordinary ray and extraordinary ray
in the sapphire sample due to birefringence. (a) Map of the whole
piece; (b) enlarged central area. The grey scale indicates the total
observed phase shift in degrees.

requirements in interferometer detectors. If the aver-
age mirror loss is ~ 1073 per mirror [31], the total
mirror loss would be ~ 1073 for 100 bounces of
light in one arm. For the loss due to inhomogeneous
birefringence to be of the same order or less than
other mirror losses, the total inhomogeneous birefrin-

gence p phase shift should be smaller than 2° in a

beamsplitter. The above results in a small sapphire
sample seem promising since they result in a stress
induced birefringence phase shift of ~ 2° and an
estimated inhomogeneous birefringence of < 1° in a
10 cm thick test mass. In large sapphire samplies,
such as 20 cm diameter and 10 cm thick, the stress at
the centre is expected to be much smaller. However,
as pointed out in Ref. [31], the technology for devel-
oping low loss mirror is improving, the inhomoge-

neous and stress induced birefringence will become
increasingly important. It i1s important that further
more accurate measurements on large sapphire sam-
ples be made to obtain definitive results.

5. Conclusion

Sapphire with its excellent mechanical and ther-
mal properties is an attractive material to use for
beamsplitter and test masses in laser interferometer
gravitational wave detectors. We have shown that the
birefringence of sapphire should not be a problem
with our well controlled vibration isolation and sus-
pension systems. However, the birefringence induced
by stress and inhomogeneity in a large piece of

ade furtha 1n‘1no igatinn nfirm tha
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the inhomogeneous phase shift is sufficiently small.

The internal thermal noise amplitude of a sapphire
test mass will be ~ 16 times better than that of a
fused silica test mass with the same dimensions. The
end-supported beamsplitter will have its fundamental
longitudinal mode most severely degraded by the
suspension system. The model used here therefore
represents the worst case Q-degradation of the beam-
splitter. A longitudinal frequency of 300 Hz corre-
sponds to a membrane of only one or two millime-
tres length. The results show that the test mass can
maintain a Q-factor ~ 10® when suspended in this
way. A referee has pointed out that reported ultra-
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reason we are already undertaking a testing program
to confirm the intrinsic Q-factor of sapphire. The
availability of much purer sapphire material than
originally reported by Braginsky et al. [10], with
microwave Q-factor 1-2 orders of magnitude better
[32] than they reported, leads us to be optlmlstlc that

even lower acousti
&V WEer acgust

material.

Further work is required to confirm the practical-
ity of the proposed suspension systems discussed
here, and to determine whether large sapphire sam-
ples maintain the optical performance observed in
small scale samples. If this work is confirmed and
realised, the total local noise sources in laser interfer-
ometers can be reduced by a factor ~ 16. This
means that there is a substantial margin for creating
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optical readout systems capable of achieving this
sensitivity advantage, for example, by using narrow
band resonant recycling schemes. In particular the
laser interferometer gravitational wave detectors can
be reduced in size by more than an order of magni-
tude while maintaining the sensitivity predicted us-
ing silica test masses. Conversely, the 3—4 km inter-
ferometers currently under construction can be en-
hanced in sensitivity by a similar margin. In both
cases the uncertainty principle sets a fundamental
limit which is uncomfortably close to the practical
limits discussed here.
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